Dynein motor isoforms have been implicated as potential kinetochore-associated motors that power chromosome-to-pole movements during mitosis. The recent identification and sequence determination of genes encoding dynein isoforms has now permitted the in vivo analysis of dynein function in mitosis. In this report we describe the identification and mutational analysis of the gene, DHCI, encoding a dynein heavy chain isoform in Saccharomyces cerevisiae. Sequence analysis of a 9-kb genomic fragment of the DHCI gene predicts a polypeptide highly homologous to dynein sequences characterized from sea urchin, Dictyostelium, Drosophila, and rat.
The major structural and mechanistic features of chromosome segregation on the mitotic spindle appear to be largely conserved between the yeast Saccharomyces cerevisiae and higher eukaryotes. Microtubules nucleated by duplicated spindle pole organelles interact with one another and with the sister kinetochores of duplicated chromosomes to establish a bipolar spindle and ensure the equal division of genetic material to opposite spindle poles. The final goal of generating two cells from one involves the mechanism by which the separated chromosomal complements are placed into two separate cells. In this regard, the similarity between yeast and higher eukaryotes is less clear. In yeast, the process of chromosome segregation takes place entirely within the nucleus. The placement of the segregated chromosomal complements, one set of sister chromatids in the mother cell and the other set into the daughter cell, requires the directed movement of the intranuclear spindle into the growing bud of the daughter cell. The site of bud emergence is determined very early in the cell cycle, and bud growth is initiated prior to completion of spindle assembly and chromosome segregation. Movement of the spindle into the bud neck appears to be mediated by the astral microtubule component of the spindle pole body (1) . In contrast to the intranuclear microtubules that contribute to spindle assembly, chromosome attachment, and chromosome segregation, the astral microtubules extend from the cytoplasmic face of the spindle pole body and exist in the cytoplasmic milieu.
It is now apparent that a variety of microtubule-associated motor polypeptides are important for the morphogenesis and function of the mitotic spindle in eukaryotes. Substantial progress has been made in analyzing the mitotic contributions of several members ofthe kinesin superfamily of microtubule motors (2) (3) (4) . Microtubule motors that are distinct from the kinesins have also been implicated in mitotic spindle function. In particular, previous studies have suggested that the The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. attachment and/or the movement of chromosomes along spindle microtubules are generated by minus-end motors that reside at or near the kinetochore of chromosomes (5) (6) (7) (8) . Cytoplasmic isoforms of the microtubule motor dynein are minus-end-directed motors that have been localized to the kinetochore region in mammalian cells and may contribute to chromosome movements in vertebrates. The identification of a dynein genet from the yeast S. cerevisiae provides the opportunity to examine the mitotic function of the dynein polypeptide in vivo.
MATERIALS AND METHODS
Isolation ofthe Yeast Dynein Gene. PCR ofthe S. cerevisiae dynein gene was performed by using degenerate oligonucleotides derived from conserved regions between the sea urchin (9, 10) and Drosophila (T.H., unpublished results) dynein sequences. HS-2 (5'-ATHACNCCNCTBACN-GAYMG-3') corresponds to amino acid position 1770 (IYT-PLLL) from the coding strand of the S. cerevisiae dynein gene and is 2304-fold degenerate. HS-3 (5'-GCNGGHAC-NGGHAARACNGA-3') corresponds to amino acid position 1798 (AGTGKTE) from the coding strand and is 1152-fold degenerate. HS-4 (5'-CKRTTRAAYTCRTCRAARCA-3') corresponds to amino acid 1846 (CFDEFNR) from the noncoding strand and is 128-fold degenerate. HS-5 (5'-GGRTTCATNGTDATRAADAT-3') corresponds to amino acid 1896 (VFITLNP) from the noncoding strand and is 144-fold degenerate. HS-7 (5'-GCYGGHACBGGHA-ARACBGA-3') corresponds to amino acid 1798 (AGTGKTE) from the coding strand and is 324-fold degenerate. For the oligonucleotide sequences N = A, G, T, C; R = A, G; Y = C, T; H = A, T, C; M = A, C; D = G, A, T; K = G, T; B = G, T, C. PCR amplification was performed with 30 cycles using a denaturation time of 90 sec at 94°C, annealing for Fixed cells were washed once with water and stained with DAPI at 1 ug/ml for 5 min in the dark. The cells were mounted on glass slides as described (12) . Cells analyzed at 11°C were grown at 30°C and shifted to 11°C at an OD60 = 0.4 for 24 h before fixation and DAPI staining. The cells were examined on a Nikon microscope equipped with epifluorescent optics and photographed on Tri-X Pan 400 film. Greater than 500 cells
were counted for each entry in Table 1 .
RESULTS AND DISCUSSION
To identify dynein genes in the yeast S. cerevisiae, genomic DNA was amplified by PCR using degenerate oligonucleotide primers derived from the predicted amino acid sequence of a sea urchin flagellar (9, 10) and a Drosophila cytoplasmic dynein isoform (T.H., unpublished results). Comparison of dynein sequences from sea urchin, Dictyostelium (13) , and Drosophila reveals a highly conserved central domain that contains a cluster of four consensus nucleotide-binding motifs or P loops (GXXGXGKT). Gibbons et al. (9) have proposed that the first P loop in this central cluster is the primary site for ATP hydrolysis. Nested primers flanking this primary ATP hydrolytic site were used to amplify a DNA fragment of 171 bp from yeast genomic DNA. The amplified product was gel purified, radiolabeled, and used to screen a yeast genomic library. A putative yeast dynein clone containing an 8.7-kb genomic insert was purified, and its nucleotide sequence was determined. The genomic fragment contains the 5' end of the dynein gene, designated DHCI (dynein heavy chain), and is illustrated schematically in Fig. 1 A and C . A large open reading frame of 2884 amino acids spans a putative translational initiation methionine and extends toward the C terminus including all four consensus P-loop motifs. In comparison to the cytoplasmic dynein sequences of rat (14), Dictyostelium, and Drosophila, the yeast dynein shows striking sequence conservation, as well as conservation of the spatial organization of the consensus nucleotide-binding domains ( Fig. 1 A  and B) . In addition to the conserved GXXGXGKT domains (Fig. 1B , boldface and *), identical blocks of 9-12 aa are apparent in neighboring flanking regions (compare yeast to the consensus). In the 1000-aa domain spanning the four consensus P loops, the yeast sequence shows 41-42% amino acid identity and 64-65% similarity to Dictyostelium, Drosophila, and rat cytoplasmic dynein. In comparison to axonemal dynein isoforms, the degree of sequence conservation is significantly reduced (29% identity and 54% similarity to sea urchin dynein). Analyses of genomic Southern and Northern blots that were probed at high stringency with the 3.2-kb genomic fragment (including the first GKT motif) indicate that the isolated yeast gene is present in a single copy and encodes an =13-kb transcript (data not shown). Taken together the sequence and structural data above confirm that a bona fide dynein-related gene has been identified in the yeast S. cerevisiae. We have mapped the yeast dynein, DHCI, to chromosome XI by electrophoretic karyotyping and have determined that it lies immediately adjacent to RNC1 (15) , between TIFJ and TRK2. The extensive homology between yeast dynein and the cytoplasmic dynein isoforms characterized from Drosophila, Dictyostelium, and rat is consistent with the lack of axonemal structures in yeast. The DHC1 gene encodes a dynein that is presumed to function in cytoplasmic microtubule-based motile processes.
To determine the potential function of DHC1, two distinct deletion disruption mutations were constructed in vitro within the 8.7-kb genomic DNA fragment (Fig. 1C) . The first deletion-disruption mutation, dhcl:: URA3, was made by inserting a 1.1-kb HindIII DNA fragment containing the URA3 selectable marker gene between a pair of HindIII restriction sites located 954 bp upstream from the first P-loop motif (GKT1). The construction results in a deletion of 85 aa from the dynein open reading frame and further disrupts the open reading frame by the insertion of the URA3 gene. A larger 7.2-kb deletion-disruption construct, dhclA7:: URA3, was also constructed using specific oligonucleotides as described in Materials and Methods. The dhcJA7:: URA3 deletion extended from -235 bp to 6913 bp and removed 2305 amino acids from the dynein open reading frame (Fig. 1C) required for viability, loss of function appears to slow the normal progression of the cell cycle.
To reveal potential cell cycle defects, we examined the nuclear and cell division process in the dynein mutants. The distribution of nuclear DNA and the morphology of mitotic spindles was determined for cells carrying each ofthe deletiondisruption mutations. No significant difference was observed between the two deletion-disruption mutants in any of our analyses. The number and size of nuclei were visualized by using the DNA stain DAPI, and mitotic spindle microtubules were visualized by standard immunofluorescence microscopy procedures using a ,B-tubulin monoclonal antibody (16) .
Proc. Natl. Acad. Sci. USA 90 (1993) 10099 The analysis of DAPI-stained mutant cells in an asynchronous population at 30°C shows that 3-14% of the cells were large, budded cells in which two or more nuclei were located in the larger mother cell and no nuclei were observed in the smaller bud (Table 1 ). The fraction of bi-and multinucleate cells was significantly increased upon growth at 11C (14-38%). Mutant (Fig. 2) . Astral microtubules could also be observed extending toward the neck ofbudding daughter cells (Fig. 2 B and D) . The position of the 'spindle in these cells reveals the orientation defect. In Fig. 2 A and B , the spindle is not positioned along the mother-bud axis, whereas in Fig. 2 C and D axial positioning is correct but chromosomal DNA has segregated in the mother cell. In a few cases, single cells can be observed with two nuclei traversed by the mitotic spindle ( Fig. 2 E and F) . Such cells are likely to reflect instances where the cells were unable to compensate for the dynein deficiency prior to cytokinesis. These observations indicate that at the level of the light microscope, the gross features of spindle morphology, spindle assembly, and spindle function (i.e., chromosome segregation to opposite spindle poles) are normal in the dynein mutant cells. However, the loss ofdynein function appears to result in the failure of the mitotic spindle to be positioned into the daughter bud. This phenotype is quite distinct from that observed in 3-tubulin mutants (tub2-104 and tub2401), which fail to assemble a spindle at restrictive growth temperature and arrest as large, budded cells with a single nucleus that is retained in the mother cell. In the absence of a functional DHCI/DHCI and dhcl ::URA3/dhcl::URA3 diploids were grown at 30°C and 11°C, and four independent colonies ofeach strain were mated to appropriate haploid testers to determine mating efficiency (Table 2 ). There was no significant effect of the dhcl:: URA3 mutation on mating efficiency, even at 110C, where an elevated number of multinucleate cells and maloriented spindles were observed. However a decrease in nuclear fusion, as observed in kar mutants (defective in karyogamy), might decrease the number of mating-competent cells, which would mask an increase in chromosome loss. To address this possibility, the requirement for dynein function in nuclear fusion was examined by cytological inspection of the nucleus after cell fusion during mating. dhcl::URA3 haploids were able to form zygotes at the same frequency as isogenic wild-type haploids (data not shown). Therefore the quantitative mating data indicate that the dhcl::URA3 cells are not defective in chromosome segregation per se.
The nuclear and spindle phenotype observed in the dynein mutants is reminiscent of recent observations on the phenotype produced by a mutant ,B-tubulin allele, tub2401 (1) Table 1 ). In contrast, 50% of tub2401 cells are anucleate after incubation at 18°C and cease cell division after two to three doublings at the restrictive temperature.
As expected, dynein function is dependent upon cellular microtubules. Synthetic lethality was not observed between dhcl:: URA3 and either tub2401 or tub2-104 ,¢tubulin alleles, and the double mutants exhibit the tub2 phenotype at restrictive temperature. In addition, the dhcl:: URA3 mutant showed an increased sensitivity to the microtubule deploymerizing drug benomyl (15 ,g/ml). The binucleate phenotype and benomyl sensitivity are observed in a variety of mutants involved in microtubule-dependent processes in the cell (12, 17) .
In summary, our present study has identified a gene encoding a yeast dynein that is more homologous in sequence to cytoplasmic dynein isoforms than axonemal dyneins. The analysis of deletion-disruption mutations has shown that the yeast dynein DHCI is an active participant in the positioning of the yeast spindle apparatus into the budding daughter cell. The incomplete penetrance of the multinucleate phenotype (3-14% multinucleate cells at 32°C), even in the case of a deletion mutation that removes 2305 amino acids from the dynein polypeptide, suggests the existence of redundant genes and mechanisms that ensure the spindle is correctly positioned into the growing bud. The mechanism by which the loss of dynein function yields the observed multinucleate phenotype remains to be understood. However, the temperature sensitivity and the f3tubulin dependence of the multinucleate phenotype ofthe dynein mutations is consistent with a hypothesis in which a yeast dynein anchored in the neck/ bud acts upon the astral array of microtubules to pull the spindle apparatus into the bud. Microtubules are not the only cytoskeletal elements involved in spindle positioning. Recently actin has been demonstrated to be required for spindle positioning in the bud (19) . Further immunological studies to reveal the location ofthe dynein isoform should address these and other models and perhaps indicate additional cellular processes, such as vesicular transport and organelle movement, that may utilize the DHCI dynein motor. Finally, the failure to observe a dynein mutant phenotype that reflects dysfunction in either spindle assembly, elongation, or chromosome segregation argues against an essential role for dynein in these processes. The existence ofredundant motors and mechanisms that mask a "nonessential" mitotic role for dynein remains to be investigated. The present study affords a significant inroad to the further study of dynein motor function.
